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ABSTRACT The helix-coil transition equilibrium of
polypeptides in aqueous solution was studied by molecular
dynamics simulation. The peptide growth simulation method
was introduced to generate dynamic models of polypeptide
chains in a statistical (random) coil or an a-helical confor-
mation. The key element of this method is to build up a
polypeptide chain during the course of a molecular transfor-
mation simulation, successively adding whole amino acid
residues to the chain in a predefined conformation state (e.g.,
a-helical or statistical coil). Thus, oligopeptides of the same
length and composition, but having different conformations,
can be incrementally grown from a common precursor, and
their relative conformational free energies can be calculated
as the difference between the free energies for growing the
individual peptides. This affords a straightforward calcula-
tion ofthe Zimm-Bragg a and s parameters for helix initiation
and helix growth. The calculated r and s parameters for the
polyalanine c-helix are in reasonable agreement with the
experimental measurements. The peptide growth simulation
method is an effective way to study quantitatively the ther-
modynamics of local protein folding.
Polypeptide chains can assume a variety of regular structures,
many of which are also found as structural elements of
proteins. Several theories of the helix-coil transition have been
developed to quantitate the relation between the random state
of the unfolded peptide (statistical coil) and the helical con-
formation (1-3). According to these theories, each amino acid
can adopt one of only two states, helix and coil, and the
helix-coil transition consists of two processes, helix initiation
and helix growth. The former is difficult, because several
consecutive residues must simultaneously assume the helical
conformation, which is associated with a large entropy loss
without concomitant stabilization by intramolecular interac-
tions such as hydrogen bonds. The treatment by Zimm and
Bragg (1) introduces two equilibrium constants, one for helix
initiation, a, and the other for helix growth, s. Reliable oa and
s parameters have been evaluated for polypeptides (4, 5).
Molecular dynamics simulations have been used to compute
theoretical estimates of the free energy of helix formation;
these calculations employed thermodynamic integration or
umbrella sampling with forced conformation change (6-8).
However, the substantial conformation changes associated
with the helix-coil transition make such calculations compu-
tationally difficult for long peptides, and the description that
has emerged from these earlier calculations remains incom-
plete.
Recently, Tropsha et al. (9) have reported the peptide
growth simulation (PGS) method, which affords calculation of
conformational free energy differences without the need for
conformational forcing. This approach is based on methods
developed earlier for calculating free energy differences be-
tween different conformations of amino acid side chains (10).
According to the PGS method, identical polypeptides in two
(or more) alternative conformations (e.g., a-helix and statis-
tical coil) can be grown independently from a common pre-
cursor in the course of molecular transformation calculations,
whereby the free energy associated with each peptide growth
step can be evaluated. The difference between the two free
energies of peptide growth thus equals the free energy differ-
ence between the two conformations of the polypeptide. In this
paper, we have applied this method to study thermodynamics
of helix-coil equilibria of alanine oligomers. The calculated s
and oa Zimm-Bragg parameters are in reasonable agreement
with experimental results.
METHODS
PGS Method. The PGS method is illustrated in Fig. 1, which
shows its application to growing the first alanine residue. The
two molecules shown in Fig. 1 have several atoms in common,
and each has several unique atoms. In the course of a
simulation, the unique atoms of the first molecule (two
hydrogens of the N-methyl group) are slowly transformed into
a methyl group and an N-methylamide group. This molecular
transformation has the net result of incorporating an alanine
residue into the initial molecule. The conformation state of the
growing alanine residues can be predefined by a simple
procedure (see below). This process can be repeated as many
times as necessary to generate polypeptides of any length and
desired conformation.
Calculation of Relative Conformational Free Energies with
the PGS Method. Consider a general problem of conforma-
tional equilibrium of a peptide with n amino acids that can exist
in two conformation states (A and B):
Ace-Al-A2- . . . -An-NMe = Ace-B1-B2-... -Bn-NMe [1]
(A) (B)
where Ace (acetamide) and NMe (N-methyl) are the N- and
C-terminal blocking groups of the peptide and A1, A2, . . ., An
and B1, B2, . . ., B,, represent the n amino acid residues in the
A and B conformations, respectively. With the PGS method,
the calculations proceed as follows (Fig. 2). First, residue
number 1 is introduced into Ace-NMe (N-methyl acetamide)
in either of two conformations, A1 and B1, to transform this
molecule into Ace-A1-NMe and Ace-B1-NMe, respectively.
This gives two free energy differences, AG',j and AG',1. In the
next step, the second amino acid residue is introduced with the
A or B conformation, with Ace-A1-NMe or Ace-B1-NMe as
the respective precursor peptides. Each growth step is realized
as a molecular transformation simulation, with thermody-
namic integration or free energy perturbation. Because each
Abbreviations: PGS, peptide growth simulation; Ace, acetamide;
NMe, N-methyl.
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Ace - Ala - NMe
FIG. 1. Structural aspects of the PGS method, illustrated with the transformation ofAce-NMe into Ace-Ala-NMe. The unique (interchangeable)
atoms of the interconverting molecules are in boldface type.
growth step involves relatively small structural changes, the
free energy difference can be reliably calculated (11). The free
energy difference between the two conformation states, A and
B, AGA B is found by accumulating the difference between
the free energy changes of growing the peptide into the two
different states (Fig. 2).
Calculation of Zimm-Bragg Parameters. According to the
Zimm-Bragg theory (1), the equilibrium constant for the
helix-coil transition of a long polypeptide with n identical
amino acids is osn. The free energy change associated with this
transition is
AG' = -kBT ln(oSn) = -kBT ln or - nkBT ln s. [2]
Therefore, a plot of AG' as a function of n should yield a
straight line for large n, with slope -kBT ln s and intercept
-kBT ln or. From the helix-coil transition free energies of a
series of peptides of different length, it is, therefore, possible
to calculate a and s by a linear fit.
Model and Simulation Procedures. As a test case, we studied
the helix-coil transition of a series of model alanine oligomers
in water by molecular dynamics simulation. We chose alanine
oligomers because alanine is the best helix former (12) and its
structure is simple. Peptides of up to 14 alanine residues long
were generated with the PGS method.
All simulations were carried out with the program package
SIGMA (13). This program uses a force field with nonbonded
parameters that are the same as those of the GROMOS program
(14) and a description of geometry and geometric deforma-
tions that was developed earlier (15). The SHAKE algorithm
(16) was used to constrain all bond lengths in the simulations.
The SPC water model (17) and periodic boundary conditions
were used for simulations of peptides in water. At each step,
the temperature and pressure of the simulated system were
restrained to 300 K and 1 atm (1 atm = 101.3 kPa) by
adjustments of the kinetic energy and the dimensions of the
periodic box (18). The cutoff distance was 8 A, except in a
series of calculations designed to estimate the effect of chang-
ing the cutoff. The time step of the simulations was 2 fs. [This
AGAA,N2 . ..
Ace-Al-NMe =* ...
laboratory has reported (19) that when bond lengths are
constrained, equally accurate free energy differences are
obtained as with use of a shorter time step.]
In the simulations, each peptide was placed at the center of
a periodic box of equilibrated SPC water. The positions of the
first and last atoms of the peptides were restrained in thex and
y directions (20) to maintain proper alignment of the peptide
along the z axis. The size of the periodic box was different for
different peptides to minimize the computational cost. To
avoid the interactions between water molecules with both the
peptide and its images (21), the dimensions of the boxes were
chosen to exceed the sum of the size of the peptide plus twice
the cutoff distance. For example, for calculations with a cutoff
of 8 A, the volume containing Ace-Ala-NMe was 25 x 25 x
25 A3 and contained 490 water molecules, and for the largest
system, used with a cutoff of 12 A, the volume was 30 x 30 x
50 A3 and contained Ace-AlaW4-NMe and 1385 water mole-
cules.
To keep the conformation of an amino acid residue in a helix
or coil conformation, penalty functions ("ramp restraints;" ref.
10) were applied to the peptide backbone dihedrals. These
restraints were composed of a flat-bottom well with zero
potential energy bounded by ramp regions in which the
potential energy rose rapidly over a small range of torsion
angle space. The penalty energy used in this study went from
0 to 20 kcal/mol (1 cal = 4.184 J) over a 200 range that
coincided with inherent free energy barriers that separate the
selected conformation from other regions of conformational
space.
For the helical conformation of the alanine residues, the
backbone dihedrals, 4 and 4,, were restrained in the third
quadrant of the Ramachandran plot (22)-i.e., -180° < 4 <
00, -1800 < 4, < 00. This includes all helical conformations.
The dihedrals were not restrained to the narrow region exactly
corresponding to a-helices because the peptides automatically
adopt and retain a-helical conformations after some equili-
bration. The coil conformation of the alanine residues was
defined by restraining backbone dihedrals in the second quad-
rant of the Ramachandran plot, i.e., -180° < 4 < 00, 0° < 4,
AG°AeN
=* Ace-Aj-A2 -.An-NMe (A state)
a AGOA,I
Ace-NMe X AGA4B, I U AG0A<B,n
j AG°BI
Ace-B i-NMe => ...
AG°B,2 ...
=* Ace-Bl-B2-...-Bn-NMe (B state)
FIG. 2. General scheme of peptide growth. The calculation of the free energy difference AGX B between theA and B conformations of a peptide
with n residues is divided into n growth steps. The free energy change of each growth step can be calculated by a molecular transformation simulation
using thermodynamic integration or thermodynamic perturbation. A1, A2, . . ., AZ and B1, B2, . . ., Bn represent the amino acid residues 1 through
n in A and B conformation, respectively.
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< 1800. This corresponds to the extended conformation and
was used as our model of the statistical coil state. In principle
the statistical coil state should have some distributions in the
other quadrants of the Ramachandran plot; however, this
contribution to the free energy of the statistical coil state is
small and can be accounted for with a minor correction (see
below). A similar definition of the unfolded state was used in
earlier studies (10, 23, 24).
Use of the penalty functions had two purposes. One is to
maintain the helical state of the peptides, which is metastable
relative to the coil state. The other is to prevent conformation
change, even of a single residue, from coil state to helix state,
because this is a rare event and adequate sampling over all
conformations with one or two residues in that state would
require very long simulations. We believe that when confor-
mation change is avoided, the sampling time required to reach
a given precision is largely determined by the relaxation of the
solvent, as it adjusts to the changing van der Waals and
electrostatic interactions with the growing alanine residue. In
this work we transform two hydrogens into two methyl groups
and one peptide group, which is a larger perturbation than
encountered in our earlier work. Similar precision is corre-
spondingly more difficult to achieve; for example, 8 times
longer runs are needed than for transformation of alanine into
valine (11).
The free energy changes were calculated with slow-growth
thermodynamic integration, whereby the integral
1
'AGO= f(aU/aA)dA, [3a]
(where ( and ) denote the average over a Boltzmann distribu-
tion) is approximated as
AGO = E au/dA 8A. [3b]
The potential energy function U depends on the coupling
parameter A, so that U(A = 0) corresponds to the starting
molecule and U(A = 1) corresponds to the product of the
transformation. The value of A is changed by an increment 8A
after every integration time step. As in previous work (11), a
nonlinear coupling scheme was used for the dependence of the
potential function on A, and the free energy change of growth
of each alanine was computed as an average over four cycles
of calculations and the root mean square deviation was used as
the error estimate. One cycle consisted of 20-ps equilibrations
at A = 0 or 1 and 200-ps simulations with increasing and
decreasing A, for an aggregate simulation time per cycle of 880
Ps (11).
RESULTS AND DISCUSSION
Dynamic Structure of Model Peptides. The backbone con-
formation of the peptides was monitored over 40-ps simula-
tions; averages and rms deviations are given in Table 1. The
average and of the helical peptides are typical of a-helices
(22), especially for longer helices. The longer helices have
smaller fluctuations of and qi, of between 10 and 150. For the
coil conformation, the average and are in the range from
-80 to -1300 and 70 to 1300, respectively, with fluctuations in
the range from 20 to 400; as expected, these values are larger
than the fluctuations in the helical conformation. The con-
formation of the peptides appears to correspond well to helical
and statistical coil states.
Free Energies of Peptide Growth. The results of the molec-
ular transformation calculations are presented in Table 2. (The
value of any individual free energy is irrelevant; only differ-
ences have a meaning.) For helical conformations, the growth
is more difficult in short precursor peptides than in long
Table 1. Backbone conformation of the peptides
No. of Helix Coil
alanines 4), deg t), deg 4, deg i/, deg
1 -80 26 -70 41 -111 ± 28 92 34
2 -82 36 -64 40 -89± 37 133 23
3 -97 37 -66 33 -106 35 108 30
4 -65 29 -49 16 -83 32 134 25
5 -62 21 -55 27 -96 37 109 36
6 -64±25 -55±26 -93±37 101±42
7 -58±15 -50±12 -106±36 98±45
8 -63±24 -52±13 -113±34 97±45
9 -57 12 -50 11 -119±31 84±45
10 -58 15 -49 13 -109 35 97 47
11 -57 13 -50 11 -123 32 81 45
12 -56 12 -51 11 -129 26 78 42
13 -57 13 -51 11 -132 28 72 39
14 -56 14 -51 11 -124 32 83 39
Averages and fluctuations were obtained from 40-ps molecular
dynamic simulations. deg, Degree(s).
precursor peptides. Between the precursor peptides with 0 and
13 alanine residues, the free energy change of introducing
another alanine residue differs by 1 kcal/mol. This difference
is indicative of the difficulty of helix initiation (1). The free
energy changes of chain growth in coil conformations are more
similar. The uncertainty of the estimated free energies is in the
range of 0.1-0.4 kcal/mol.
Influence of the Cutoff Distance. Use of a cutoff distance for
nonbonded interactions may underestimate helix stability,
since long-range interactions are likely to be more favorable in
the helix than in the coil. As it would require an inordinate
amount of computer time to repeat the simulations for all
values of n at long cutoff, we have assessed the effect of the
cutoff by calculating peptide growth free energies for peptides
with 0, 8, and 13 residues and for cutoff distances ranging from
6 to 12 A. The results are given in Table 3.
The strongest dependence on the cutoff distance is found for
extending helical peptides; the results for adding the 9th and
the 14th residue are similar. The free energy does not depend
significantly on the cutoff when this is greater than 10 . For
growth of the first alanine residue in a helical conformation,
by extension of Ace-NMe to Ace-Ala-NMe, the free energy
depends less strongly on the cutoff.
For cutoff distances of 8 A or greater, the dependence of the
free energies for the growth of one residue in the coil
conformation is about the same as for the helix conformation.
Only the dependence between 6 and 8 A is quite different for
Table 2. Computed free energy changes for peptide growth in
helix and coil state
Process AGOeiix AG?Ol Difference
0 1 5.82 ± 0.10 5.12 ± 0.26 0.70
1 2 5.78 ± 0.15 5.30 ± 0.24 0.48
2 -3 5.41 ± 0.22 5.01 ± 0.26 0.40
3 4 5.63 ±0.20 5.20 0.14 0.43
4 5 4.91 ± 0.33 4.89 ± 0.18 0.02
5 ->6 5.06 0.23 5.08 ± 0.19 -0.02
6 -*7 4.88 ± 0.20 4.78 ± 0.18 0.10
7 8 4.93 ± 0.29 5.04 ± 0.40 -0.11
8 9 4.90 ± 0.14 5.21 ± 0.37 -0.31
9 10 4.65 ± 0.20 4.46 ± 0.23 0.19
10 11 4.49 0.27 4.60 0.16 -0.11
11 12 4.86 ± 0.16 4.71 ± 0.38 0.15
12 13 4.86 ± 0.08 5.32 ± 0.28 -0.46
13 -* 14 4.84 ± 0.18 5.13 ± 0.22 -0.29
The process n -* n + 1 (n = 0, 1 ..., 13) indicates transformation
of Ace-Ala,-NMe into Ace-Ala,+i-NMe. Values are in kcal/mol.
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Table 3. Dependence of free energies on cutoff distance Rc
Process 0 -> 1 Process 8 -* 9 Process 13 -* 14
RC, A AGiHelix AGoil AGHiefix AGoil AGj?ielix AGcoil
6 6.93 ± 0.23 5.29 ± 0.38 6.17 ± 0.28 5.97 ± 0.37 6.27 ± 0.18 4.91 ± 0.38
8 5.82 ± 0.10 5.12 ± 0.26 4.90 ± 0.14 5.21 ± 0.37 4.84 ± 0.18 5.13 ± 0.22
9 5.63 ± 0.26 5.06 ± 0.26 4.34 ± 0.27 5.37 ± 0.38
10 5.48 ± 0.15 4.64 ± 0.30 4.49 ± 0.16 5.27 ± 0.31 4.17 ± 0.28 4.27 ± 0.33
11 5.82 ± 0.21 4.62 ± 0.32 4.19 ± 0.19 4.87 ± 0.27
12 5.94 ± 0.16 4.59 ± 0.33 4.11 ± 0.16 4.35 ± 0.33 4.26 ± 0.29 4.59 ± 0.34
Values are in kcal/mol.
coil and helix. For coil peptides with n = 0, 8, and 13, the free
energies calculated with 8- and 14-A cutoffs are similar, while
with 6- and io-A cutoffs, the free energies differ by as much
as 1 kcal/mol, rather more than the error estimate set by the
reproducibility. It is not clear at this time whether this seem-
ingly erratic behavior is intrinsic or reflects incomplete sam-
pling of coil conformations of the longer oligomers.
From these results we have concluded that a cutoff distance
of 6 A is not appropriate for this problem but that a cutoff of
8 A is adequate given the precision of this study. Helix stability
has been found to depend on the cutoff in simulations of a
17-residue peptide in water (25). The low stability with a cutoff
of 6 A observed in that study agrees with what has been found
here. However, the low stability reported with use of a 14-A
cutoff remains surprising; perhaps this is related to specific
side-chain-side-chain interactions in the 17-residue peptide
that are absent in alanine oligomers.
Calculation of Zimm-Bragg Parameters. The free energy
changes for growing with alanine oligomers with various
lengths in helix and coil conformations were used to calculate
the helix-coil transition free energies AG'oi1 helix. The results
have been plotted in Fig. 3. A linear fit of the data for long
peptides (7-14 alanine residues) gives oa = 0.01 and s = 1.20.
Although each free energy calculation is subject to an error of
0.1-0.4 kcal/mol, the fitting of the free energies produces
essentially an average of 8 values; therefore, the error of the fit
is 2 or 3 times less than that of the individual free energies.
The statistical coil state should have contributions from
other quadrants of the Ramachandran plot. From simulations
of Ace-Ala-NMe in water (26), we know that this is a relatively
small contribution. The most significant contribution results
from the a-helical conformation. Single helical residues, as
opposed to stretches of several helical residues, are properly




Number of residues, n
FIG. 3. Free energy of the helix-coil transition for alanine peptides
of increasing length. The straight line represents a linear fit to the
points for n - 7.
formation as a cooperative process, and isolated residues with
helical conformation are part of the background signal ob-
served in the absence of helix formation. While the Zimm-
Bragg formulation expressed in Eq. 3 suggests that single
helical residues are rare, this is, in fact, the result of an
approximation of the theory that assumes that very short
helices are a small fraction, because of the low probability of
finding several successive residues in the a priori less likely
helical conformation.
To compute the necessary correction, SG'Oil, we have used
Ace-Ala-NMe as representative of the coil state. The equilib-
rium fraction of helix states of Ace-Ala-NMe then represents
that of individual residues of oligomers in the coil state. This
can be calculated from the difference in peptide growth free
energies for the first alanine residue. Table 2 indicates that this
is 0.70 kcal/mol; earlier work with the same model found a
value of 1.0 kcal/mol (20). A straightforward application of
statistical thermodynamics gives values of 6Gcoil of 0.16 and
0.11 kcal/mol, respectively. The value of -kBT ln s must be
increased by this amount, which gives a corrected estimate of
s between 0.90 and 1.02. (The estimate of o- is not affected by
this correction.)
Our results are in good agreement with experimental values
of o- and s: for alanine, estimates of o- range from 0.002 to 0.008
and estimates of s range from 1.06 to 1.54 (4, 5). Two earlier
studies of helix growth used molecular dynamics simulations
with explicit solvent. Hermans and Anderson (6) used a 6-A
cutoff; a value of s of only 0.5 follows from the reported free
energy surface of the terminal residue. This finding of a low
value of s agrees with the present results that use of a cutoff
of 6 A significantly underestimates helix stability. Tobias et al.
(7, 8) estimated s at 0.25 and o, at 0.2 in a study of Ace-Ala3-
NMe. The present study shows that asymptotic behavior
requires longer peptides, with n > 5 (Fig. 3).
The model on which the present results are based samples
conformation space according to a Boltzmann distribution and
implicitly includes multiple low-energy conformations of pep-
tide and solvent. An earlier estimate of ur and s for atomic-force
models (27) was based on calculations in which the effect of
solvation was included with use of an empirical solvation
potential. A more recent estimate was obtained with a model
in which the effects of solvation were estimated on the basis of
a continuum solvation model (28). The results of the latter
study are in good agreement with the results obtained here
with an explicit solvation model.
CONCLUSION
In this paper, we introduced the PGS method for the study of
conformational equilibria of polypeptides. We have applied
this method to the calculation of the helix-coil parameters of
alanine oligomers. The results are in good agreement with
experiments and provide a validation of the model and force
field used in this study. It will be valuable to calculate
Zimm-Bragg parameters for other commonly used force fields
and to determine in what direction parameters of the model
could be changed to improve the agreement with experiment.
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The philosophy of the peptide growth method is that it
divides a complicated conformational equilibrium problem
involving the conformation changes of many amino acid
residues into a series of manageable computations where
molecular transformation is used instead of conformational
forcing. Potentially, the PGS method can be applied to many
other problems of conformational equilibrium of polypeptides,
such as formation of 13-sheet, turn, and loop structures.
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